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Abstract  18 
The marine macroalga Ulva mutabilis (Chlorophyta) develops into callus-like colonies 19 
consisting of undifferentiated cells and abnormal cell walls under axenic conditions. U. mutabilis 20 
is routinely cultured with two bacteria, the Roseovarius sp. MS2 strain and the Maribacter sp. MS6 21 
strain, which release morphogenetic compounds and ensure proper algal morphogenesis. Using 22 
this tripartite community as an emerging model system, we tested the hypothesis that the bacterial-23 
algal interactions evolved as a result of mutually taking advantage of signals in the environment. 24 
Our study aimed to determine whether cross-kingdom cross-talk is mediated by the attraction of 25 
bacteria through algal chemotactic signals. Roseovarius sp. MS2 senses the known osmolyte 26 
dimethylsulfoniopropionate (DMSP) released by Ulva into the growth medium. Roseovarius sp. is 27 
attracted by DMSP and takes it up rapidly such that DMSP can only be determined in axenic growth 28 
media. As DMSP did not promote bacterial growth under the tested conditions, Roseovarius 29 
benefited solely from glycerol as the carbon source provided by Ulva. Roseovarius quickly 30 
catabolized DMSP into methanethiol (MeSH) and dimethylsulfide (DMS). We conclude that many 31 
bacteria can use DMSP as a reliable signal indicating a food source and promote the subsequent 32 
development and morphogenesis in Ulva. 33 
 34 
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1 Introduction 38 
The green macroalga Ulva (Chlorophyta), which forms massive blooms particularly in nutrient-39 
rich coastal waters (Smetacek & Zingone 2013), has been recently developed into a suitable model 40 
system to investigate cross-kingdom cross-talk. The possibility of applying a reduced and designed 41 
microbiome to U. mutabilis and the maintenance of the complete life cycle under standardized 42 
laboratory conditions have paved the way for the development of a suitable model system to 43 
investigate the interactions between bacteria and multicellular algae (Wichard et al. 2015). Marine 44 
bacteria have evolved several strategies to survive. They can have a free-living planktonic lifestyle, 45 
or may be organized in biofilms on rocks, particles, micro- and macroalgae, sponges, and animals 46 
(Dang & Lovell 2016; Egan et al. 2013; Hardoim et al. 2012). Bacterial interactions with primary 47 
producers can be mutualistic, commensal, or pathogenic and might switch between different forms 48 
depending on the life stage of the partners. These interactions are shaping the ecosystem diversity 49 
(Azam & Malfatti 2007). 50 
A prominent example is the mutualistic interaction between Emiliania huxleyi and Phaeobacter 51 
gallaeciensis, a α-Proteobacterium from the Roseobacter clade, which is based on the allocation of 52 
dimethylsulfoniopropionate (DMSP) and the secretion of antibiotics. If the algae undergo 53 
senescence and secrete the corresponding signals, the bacteria produce algicidal compounds called 54 
roseobacticides (Seyedsayamdost et al. 2011). Another exciting example for bidirectional chemical 55 
cross talk is the interaction between bacteria of the Roseobacter clade and diatoms through the 56 
cooperative biosynthesis of auxin (Amin et al. 2015). Moran and Sloan (2015) noted in their essay 57 
about the hologenome concept that observing host-specific microbial community composition 58 
among more closely related hosts does not imply that symbionts have coevolved with hosts. 59 
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Moreover, they have concluded that “although selection at the level of the symbiotic community, 60 
[…], occurs in some cases, it should not be accepted as the null hypothesis for explaining features 61 
of host-symbiont associations” (Moran & Sloan 2015). In this context, we use the Ulva model for 62 
cross-kingdom interactions (Wichard et al. 2015) to investigate whether the algal-bacterial 63 
relationship evolved as a result of the mutually taking advantage of common signals in the 64 
environment. 65 
Under axenic conditions, Ulva develops into callus-like structures that appear as pincushion 66 
morphotypes, mainly characterized by atypical cell wall formations, lack of cellular differentiation, 67 
and slow growth. Upon addition of two bacterial strains – Roseovarius sp. MS2 and Maribacter 68 
sp. MS6 – the morphogenesis of U. mutabilis can be entirely recovered, resulting in a tripartite 69 
community (Grueneberg et al. 2016; Spoerner et al. 2012) (Figure 1A). Multiple studies have 70 
already demonstrated that bacteria are essential not only for the development of Ulva but also for 71 
the settlement of its zoospores through specific bacterial quorum sensing signals (Joint et al. 2007). 72 
The two bacteria, Roseovarius sp. MS2 and Maribacter sp. MS6, release a multitude of 73 
morphogenesis-inducing molecules (morphogens) within the algal chemosphere; however, the 74 
detailed mutualistic aspects of this interaction are still unknown. The comparison of axenic cultures 75 
with the tripartite community revealed insights into the dynamic changes of waterborne molecules 76 
when bacteria are present. For instance, glycerol was identified as the primary carbon source for 77 
the morphogen-producing Roseovarius sp. MS2 (Alsufyani et al. 2017). Moreover, marine algae 78 
harbor, but also release, various organic compounds into their environment to attract or detract 79 
other organisms and to maintain the osmotic pressure balance within the surrounding seawater 80 
(Kinne 1993; Nebbioso & Piccolo 2013; Wada & Hama 2013). Bacterial gardening, a concept 81 
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initially developed by Hylleberg (1975) in lugworms, implies that Ulva enriches its environment 82 
by attracting and stimulating the growth of microorganisms necessary for its morphogenesis 83 
(Hylleberg 1975). In fact, the motile Roseovarius sp. MS2 accumulates selectively at the part of 84 
the algal germling that develops into the holdfast (Spoerner et al. 2012). The increase of bacteria 85 
around the algal rhizoid (Ghaderiardakani et al. 2017; Spoerner et al. 2012) might be a typical case 86 
of gardening that has been already observed for several other marine organisms such as polychaetes 87 
(Kunihiro et al. 2011). Thus, our study aims to answer the vital question of how Ulva attracts and 88 
maintains its associated core microbiome.  89 
Some bacterioplankton, including -Proteobacteria, exhibit attraction to dimethyl-90 
sulfoniopropionate (DMSP) (Miller et al. 2004; Seymour et al. 2010; Zimmer-Faust et al. 1996), 91 
which is produced by several marine algae (Blunden et al. 1992) including Ulva (Edwards et al. 92 
1987), but also by certain bacteria (Curson et al. 2017) and corals (Raina et al. 2013). DMSP has 93 
multiple, sometimes contradicting, ecophysiological functions and can function as an osmolyte, 94 
cryoprotectant, cellular antioxidant, and chemoattractant (Gebser & Pohnert 2013; Karsten et al. 95 
1991; Miller et al. 2004; Sunda et al. 2002). For instance, Silicibacter sp. TM1040, originally 96 
isolated from a culture of the dinoflagellate Pfiesteria piscicida (Miller et al. 2004), senses and 97 
responds to the dinoflagellate secondary metabolite DMSP by flagella-mediated chemotaxis. 98 
Bacteria can sequester DMSP via two different cleavage pathways. The bacterial DMSP lyase 99 
(Ddds) splits DMSP into acrylate and DMS. The demethylation pathway involves the removal of 100 
a methyl group from DMSP to produce methyl-mercaptopropionate (MMPA), which is then further 101 
catabolized to methanethiol and acetaldehyde (Curson et al. 2011) (Figure 1B). 102 
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Due to the potential chemotactic activity of DMSP, we hypothesized that DMSP mediates the 103 
interactions between U. mutabilis and Roseovarius sp. MS2. This hypothesis was tested by 104 
determining the cellular and dissolved concentrations of DMSP in axenic and non-axenic cultures 105 
of Ulva. We aimed to explore the activity of DMSP as a chemoattractant and nutrient source for 106 
Ulva-associated bacteria (Roseovarius sp. and Maribacter sp.). Finally, the volatile breakdown 107 
products of DMSP were analyzed in both Ulva and bacteria. 108 
2 Materials and Methods 109 
2.1 Chemicals  110 
All solvents were UHPLC grade and purchased from VWR Chemicals (Darmstadt, Germany). 111 
Chemicals were obtained from VWR or Sigma-Aldrich (München, Germany). DMSP, [2H6]-112 
DMSP, [2H3]-gonyol, and [2H6]-DMS-acetate were synthesized according to an established 113 
protocol (Gebser & Pohnert 2013). 114 
2.2 Algae and bacteria  115 
Gametophytes of Ulva mutabilis (mating type mt+) developmental mutant “slender” (sl) were 116 
employed for all studies (GenBank KJ417451 (Alsufyani et al. 2014)). Cultivation took place at 18 117 
°C and 90-120 µmol photons s-1 m-2 for 17 h light and 7 h dark cycle in Ulva culture medium 118 
(UCM) (Stratmann et al. 1996; Wichard & Oertel 2010). Axenic cultures of U. mutabilis were 119 
prepared according to the method described by Wichard (2015) and subsequently inoculated with 120 
or without the morphogenesis-inducing bacterial strains MS2 (GenBank EU359909) and MS6 121 
(GenBank EU359911) (Alsufyani et al. 2017; Spoerner et al. 2012; Wichard 2015). These were 122 
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recently re-classified as Roseovarius sp. and Maribacter sp. (Grueneberg et al. 2016). The final 123 
calculated optical density of bacteria after inoculation was OD600 = 10-5. The bacteria were grown 124 
in half-strength marine broth (Roth, Germany) at 28 °C or 21 °C. Additionally, Roseovarius sp. 125 
MS2 was cultivated in UCM enriched with 1% glycerol (v/v) (Alsufyani et al. 2017). 126 
2.3 Mass spectrometry analysis 127 
2.3.1 Liquid chromatography coupled to mass spectrometry (HILIC-MS) 128 
Liquid chromatography was performed on a SeQuant ZIC©-HILIC column (5 µm, 2.1 × 150 mm, 129 
SeQuant, Umeå, Sweden) and a SeQuant ZIC©-HILIC guard column (5 µm, 2.1 × 20 mm), using 130 
an Aquity UPLC system (Waters, Milford, USA) according to the protocol of Spielmeyer & 131 
Pohnert (2010). The linear gradient was performed with acetonitrile (A), spiked with 5 mmol L-1 132 
ammonium acetate, and water (B) each containing 0.1% formic acid. The gradient ran from 0% to 133 
80% B over 5.5 min, returned to 100% A within 0.6 min and was held for 3.9 min to equilibrate 134 
the column. The HILIC system was equipped with a Q-ToF micro mass spectrometer (Waters 135 
Micromass, Manchester, UK) operating in full scan positive ion ESI mode (m/z 50 – 700) 136 
(Spielmeyer & Pohnert 2010). The capillary voltage was set to 3 kV, the source temperature to 120 137 
°C, and the desolvation temperature to 300 °C. Although the Q-ToF-MS system was accurate and 138 
sensitive enough for all experiments, samples for the uptake experiment were analyzed on a 139 
QExactive™ Plus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer coupled with a UHPLC 140 
(Thermo Fisher Scientific, Bremen, Germany). The capillary temperature was set to 400 °C; sheath 141 
gas flow rate, 60; and spray voltage, 3 kV. The measurements were performed on the same column 142 
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and with the same gradient as carried out with the HILIC-Q-ToF mass spectrometer. In all cases, 143 
the total ion current was collected, and the ion trace of DMSP was subsequently extracted. 144 
2.3.2 Gas chromatography coupled to mass spectrometry (GC-MS) 145 
Samples were run on a Trace™ GC Ultra (Thermo Scientific, Waltham, MA, USA) equipped with 146 
a DB-5MS column (30 m × 0.25 mm, 0.25 µm). The GC was coupled to an ISQ™ mass 147 
spectrometer (Thermo Scientific). Helium 5.0 was used as a carrier gas with a constant flow of 1 148 
mL min-1. The GC-MS parameters for the analysis were as follows: oven temperature of 40 °C for 149 
8 min, which was then ramped to 250 °C at 15 °C min-1 and held at 250°C for 2 min. The total run 150 
time was 23 min. The electron impact source (70 eV) was maintained at 280 °C. The MS was 151 
scanning at 0.5 scans s-1 in the range of m/z 40–300. 152 
2.4 Extraction protocols 153 
2.4.1 Extraction of DMSP from Ulva tissues 154 
For the determination of DMSP in U. mutabilis slender, 4-5 week-old fertile algae (incubated at 4 155 
°C or 18 °C) cultivated under standardized conditions (Alsufyani et al. 2017) were chosen. After 156 
carefully washing the algae with UCM and drying them with filter paper, the algae were ground 157 
under liquid nitrogen using a mortar and pestle, and 200 µL of methanol were added to extract the 158 
various osmolytes. After adding 12 µL of [2H6]-DMSP (2 mmol L-1) as an internal standard for 159 
reference and quantification, the mixture was treated in an ultrasonic bath for 1 min. The extract 160 
was centrifuged at 1300 g for 5 min at room temperature (Eppendorf centrifuge 5415, Hamburg, 161 
Germany). Ten microliters of the supernatant were diluted with 490 µL acetonitrile/water (9:1, v/v) 162 
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and 20 µl were injected onto the HILIC-Q-ToF-MS system. The same procedure was applied to 163 
axenically grown cultures of U. mutabilis. 164 
2.4.2 Extraction of DMSP from the growth medium of Ulva  165 
The culture supernatants of the tripartite community and the axenic algae were filtered using GC/C 166 
Whatman Glass Microfiber filters from GE Healthcare Life Sciences (Chalfont St. Giles, UK). 167 
Salts were precipitated by adding 300 mL acetonitrile and 50 mL methanol to 100 mL growth 168 
medium of the Ulva culture. After centrifugation, 20 µL [2H6]-DMSP (2 mmol L-1) were added, 169 
and the solution was extracted with ZIC©-HILIC solid phase extraction (SPE) cartridges from 170 
SeQuant (Merck, Darmstadt, Germany) with a flow rate of 1-1.5 mL min-1. The elution was 171 
performed with 1.5 mL water, spiked with 2% acetonitrile and 0.5% formic acid (v/v). One-172 
hundred microliters of the eluate were diluted with 100 µL acetonitrile/water (9:1, v/v). Twenty 173 
microliters of the sample were injected onto the HILIC-Q-ToF-MS system. 174 
2.4.3 Extraction of polar compounds from the supernatant of axenic cultures 175 
Chromabond Easy EASY® cartridges (Macherey-Nagel, Düren, Germany) contain a polar, 176 
bifunctionally modified polystyrene-divinylbenzene copolymer and were used to extract 177 
substances from the supernatant of axenic Ulva-cultures (3-weeks old). Solid phase extractions  178 
were employed according the protocol of Alsufyani et al. (2017). Upon conditioning the matrix 179 
with 6 mL of methanol and subsequently with 6 mL of distilled water, 100 mL of supernatant were 180 
passed through the EASY® cartridges (flow rate = 1 L h-1). After washing with 6 mL distilled 181 
water, the cartridges were air-dried and eluted by gravity with 2 mL of methanol and 2 mL of 182 
methanol:tetrahydrofuran (1:1, v/v) in glass vials. The eluates were combined, and the solvent was 183 
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evaporated. Then the residue was dissolved in UCM and 20 µL of the sample were tested in the 184 
capillary bioassay for bacterial chemoattractants. 185 
 186 
2.5 DMSP uptake and DMSP extraction from bacterial cells  187 
Roseovarius sp. MS2 cultures were grown in triplicate in 20 mL minimal medium (UCM 188 
supplemented with 1% (v/v) glycerol) for 26 h at 28 °C. Maribacter sp. MS6 cultures were grown 189 
in triplicate in 20 mL UCM spiked with 10% (w/v) marine broth for five days at 20 °C (Roth, 190 
Karlsruhe, Germany). The uptake experiment was initiated when the optical cellular density of 0.70 191 
(± 0.05) was achieved during exponential growth. Upon the addition of 0.42 µmol L-1 [2H6]-DMSP 192 
(Zimmer-Faust et al. 1996), 1 mL of the bacterial culture was collected at given points and fixed 193 
with 150 µL paraformaldehyde (16%, v/v) (as bacteria did not contain any DMSP under our growth 194 
conditions at the beginning of the experiment, the uptake experiment can also be carried out with 195 
non-labeled DMSP.). All samples were centrifuged (10 min at 3000 g), washed with UCM, and the 196 
pellet was frozen in liquid nitrogen before DMSP extraction. The extraction of DMSP from the 197 
Roseovarius and Maribacter cells was performed as described in section 2.4.1, but with the 198 
modification that 10 µL of 8.6 µmol L-1 [2H6]-DMSP was added as an internal standard to the 200 199 
µL MeOH sample, which was subsequently diluted 1:2.5 by adding a mixture containing 200 
acetonitrile/water (10:1, v/v). Twenty-microliters were injected onto the HILIC-Orbitrap-MS 201 
system and three biological replicates were sampled for each time point. 202 
2.6 Quantification of DMSP 203 
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To directly quantify DMSP using LC-MS, the ratios of the surface areas obtained from the 204 
extracted DMSP (135 m/z) and [2H6]-DMSP (141 m/z) ions were used (Swan et al. 2017). A 0.05-205 
amu mass window was adjusted around the respective molecular ion (Spielmeyer & Pohnert 2010). 206 
The limits of detection (LOD) and quantification (LOQ) were defined as the amount of DMSP 207 
required to reach a signal to noise ratio higher than 3 and 10, respectively (Spielmeyer & Pohnert 208 
2010). The LOD for DMSP was 20 nmol L-1 in the column extract from UCM (section 2.4.2). LOQ 209 
was found to be 60 nmol L-1 for DMSP. Taking into account the pre-concentration on a ZIC©-210 
HILIC SPE cartridge, the LOD and LOQ were translated to 0.6 nmol L-1 and 2 nmol L-1, 211 
respectively, in the sample. The ratios of the peak areas were determined using the MassLynx-212 
software (Waters) or the Quanbrowser (Xcalibur-Software, Thermo Fisher Scientific). Seven 213 
biological replicates were analyzed for each growth condition. 214 
2.7 Development of a capillary bioassay for bacterial chemoattractants  215 
Roseovarius sp. MS2 was cultivated in UCM supplemented with 1% glycerol (v/v) up to an 216 
optical density of OD600 = 0.5. Capillaries were filled with 20 µL UCM supplemented with 1 – 100 217 
µmol L-1 test substance (DMSP, DMSO) or with 20 µL solid phase extract (section 2.4.3) and were 218 
vertically dipped into 200 µL of bacterial suspensions (depth of immersion: 1 mm). Similar to the 219 
protocol by Tout et al. (2015), the chemoattractant gradually leaks into the external environment 220 
through the pipette tip via molecular diffusion, creating a gradient in the surrounding seawater that 221 
triggers the migration of chemotactic bacteria into the pipette. After 5 or 10 min of deployment, 222 
the capillary contents were sampled. To determine the colony forming units (CFU), the sample was 223 
diluted by a factor of 103, 104, and 105 (to 100 µL with UCM) and plated on marine broth (Roth, 224 
Germany, 20 g / L) 1.5% agar (w/v, final concentration). After two days of incubation at 28 °C, 225 
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colonies were counted, and the CFU were calculated. For the determination of cell counts via flow 226 
cytometry, the capillary contents were diluted with UCM by a factor of 10. The sample was 227 
preserved with 2.5% (v/v, final concentration) glutaraldehyde and stained with Sybr Gold (Thermo 228 
Fisher Scientific). Three biological replicates were performed for each treatment. 229 
Cell counts were determined using the BD Accuri™ C6 flow cytometer (BD Biosciences, 230 
Heidelberg, Germany) after 30 min of incubation in the dark at 21 °C. The response of the cells 231 
towards DMSP was expressed as “chemotactic response factor” calculated by dividing the mean 232 
number of bacteria in the test-capillaries (DMSP, DMSO, or SPE) by the mean number of bacteria 233 
in the control (UCM-only) capillaries (Wei & Bauer 1998). One day before the chemotaxis assay 234 
was performed, the motility of Roseovarius sp. MS2 was tested using semisolid motility agar 235 
composed of UCM + 1% glycerol (v/v) + 0.3% agar. After 24 h, the swarming movement of the 236 
bacteria could be determined. 237 
2.8 Determination of DMS, methanethiol, and the enzymatic activity of the DMSP-lyase in 238 
axenic cultures of Ulva and Roseovarius sp. MS2 cultures 239 
The Roseovarius sp. culture (988 µL; optical density: OD600 = 1.0) was added to a 4-mL gas-240 
tight vial, containing 12 µL of [2H6]-DMSP (2 mmol L-1) dissolved in 10 mmol L-1 Tris-HCl pH 241 
7.0. As a control, 12 µL of the Tris-HCl buffer was used without [2H6]-DMSP. The volatile 242 
substances released into the headspace were collected for 15 min using solid phase microextraction 243 
(SPME with the divinylbenzene/carboxen-copolymer fiber; Supelco, Bellefonte, USA) and were 244 
subsequently analyzed by GC-MS (section 2.3.2).  245 
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In case of Ulva, the algal DMSP-lyase activity was either determined in axenic callus-like 246 
cultures or cell-free extracts derived from this axenic culture. Axenic callus-like cultures of U. 247 
mutabilis (25–50 mg fresh weight (FW)) were ground in liquid nitrogen and subsequently 248 
suspended in 200 µL 10 mmol L-1 Tris/HCl pH 7.0. The sample was spiked with 20 µL of [2H6]-249 
DMSP (2 mmol L-1), and the cells were treated with ultrasound for 1 min. SPME of the headspace 250 
contents was performed for 15 min and subsequently analyzed by GC-MS.  251 
To determine the enzymatic activity of the DMSP lyase in the cell-free extracts obtained from 252 
axenic gametes of Ulva, the soluble enzyme was prepared according to the Steinke protocol (1997). 253 
Using enzyme extraction, DMS release was measured by SPME-GC-MS upon the addition of 254 
DMSP to the enzyme, buffered with 100 mmol L-1 2-(N-morpholino)ethanesulfonic acid, and 255 
adjusted to pH 6.25 with NaOH (Figure S1). 256 
2.9 Statistical Analysis 257 
All statistical tests including the t-test and One-Way ANOVA followed by Tukey´s posthoc test 258 
were performed with the Minitab 16.2.2 Statistical Software (2010) (State College, PA: Minitab, 259 
Inc, USA). The results are expressed as an average of 3 to 7 biological replicates ± standard 260 
deviation (SD). 261 
 262 
  263 
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3. Results and Discussion 264 
3.1 Determination of amphiphilic compounds in Ulva tissues.  265 
HILIC-MS measurements were used for the direct quantification of amphiphilic compounds 266 
including DMSP in Ulva tissues and growth medium. Using zwitterion chromatography, we 267 
screened for DMSP, DMS-acetate, and gonyol, which are typical precursors of DMS (Gebser & 268 
Pohnert 2013). All compounds have been quantified simultaneously (Figure 2). Analyses of U. 269 
mutabilis tissue extracts revealed high levels of DMSP, whereas the DMS-Ac and gonyol levels 270 
could not be differentiated from those in other algae (Gebser & Pohnert 2013; Kettle & Andreae 271 
2000). Using deuterated [2H6]-DMSP as an internal standard, the concentration was quantified in 272 
(i) various parts of Ulva, (ii) the growth medium, and (iii) axenic gametes (Figure 3A). 273 
The U. mutabilis slender cellular DMSP concentration was 3.02 ± 0.41 mg g-1 (DMSP per FW) 274 
at 18 °C, which differed significantly from the concentration determined when Ulva was incubated 275 
at 4 °C (6.83 ± 1.14 mg g-1, n = 7; t-test; p < 0.01). Similar concentrations for cellular DMSP have 276 
been reported for U. lactuca and U. clathrata (Kerrison et al. 2012). The cellular level of DMSP is 277 
affected by temperature in U. mutabilis. These results were supported by a MALDI-MS analysis 278 
of the Ulva surface (Kessler et al. 2017), which has shown the in-situ upregulation of the DMSP 279 
concentration in the undifferentiated vegetative tissues in U. mutabilis cultures at 4 °C. Overall, 280 
the temperature-dependent DMSP concentrations support the hypothesis that DMSP acts as a 281 
cryoprotectant, as shown for various green macroalgae such as Ulothrix implexa, Ulothrix 282 
subflaccida, U. bulbosa, and Acrosiphonia arcta (Karsten et al. 1992). 283 
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DMSP was measured in tissue samples near the holdfast, midway up the blade, and at the apical 284 
edges. No concentration gradient was determined for DMSP along the thallus (Figure 3A), which 285 
was different from observations in U. lactuca (Van Alstyne et al. 2007). This may be explained by 286 
its less structured and tubular morphology, when compared to the lettuce-like shape of U. lactuca. 287 
Interestingly, in axenic-grown cultures of U. mutabilis, the concentration of DMSP increased 6-7 288 
fold, up to 18.41 ± 4.30 mg g-1 (DMSP per FW) (n = 7, t-test; p < 0.01, Figure 3A). Moreover, even 289 
axenic gametes possessed high levels of DMSP (4.01 ± 0.22 atmol cell-1, Figure 3A), indicating 290 
that the production of DMSP had started immediately after the gametes were discharged from the 291 
gametangia (Figure 3A). 292 
3.2 DMSP and DMS release by axenic Ulva cultures  293 
Overall, higher amounts of DMSP were found in growth media of axenic Ulva calli. In fact, 294 
only the supernatant of axenic cultures contained elevated amounts of DMSP (7.97 ± 2.57 nmol L-295 
1) (Figure 3B). Recently, similar observations were reported for E. huxleyi, which is associated 296 
with Roseobacter spp. (Segev et al. 2016). We conclude that certain associated bacteria can 297 
instantly take up and sequester DMSP, which occurs in several Roseovarius spp. (Buchan et al. 298 
2005; Reisch et al. 2011; Wagner-Döbler & Biebl 2006). 299 
Besides secreting DMSP, axenic Ulva can also degrade it to DMS. Upon cell wounding and the 300 
addition of [2H6]-DMSP, axenic 5-week-old callus-like cultures (Figure 3D) released [2H6]-DMS 301 
into the headspace (Figure 3C). Moreover, cell-free extracts derived from axenic cultures exhibited 302 
DMSP lyase activity, and DMS production (Figure S1). As our data, which were obtained from 303 
axenic cultures, are comparable with DMSP-lyases derived from non-axenic cultures of U. curvata 304 
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and U. clathrata (de Souza et al. 1996; Steinke & Kirst 1996), this indicates that the bacterial lyase 305 
did not contribute to the overall transformation of DMSP. Indeed, studies by de Souza et al. (1996) 306 
reported that the molecular and kinetic properties of this lyase were different from those of other 307 
bacterial enzymes. In this context, a recently identified enzyme in Emiliania huxleyi (Alma1) 308 
converts the substrate into DMS and acrylate (Alcolombri et al. 2015). The Alma1 family is 309 
evolutionary and mechanistically distinct from previously characterized marine bacterial DMSP 310 
lyases (Alcolombri et al. 2015). Further studies will explore if the DMSP lyase from U. mutabilis 311 
is similar to Alma1 from Emiliania huxleyi (Alcolombri et al. 2015), and if the Ulva lyase directly 312 
links the production of DMS with ethene via acrylate (Plettner et al. 2005). Ulva may also be 313 
utilizing a yet unidentified gene to produce DMS from DMSP, since according to Alcolombri et 314 
al. (2015) no homolog of Alma1 exists in Ulva. In any case, because DMS represents a key player 315 
in the sulfur emissions in the atmosphere, by influencing the climate and being an important part 316 
of the sulfur cycle (Kettle & Andreae 2000; Kiene et al. 2000; Stefels 2000; Yoch 2002), it is of 317 
considerable interest to determine the source of the DMSP precursor and the location of the DMSP 318 
lyase. 319 
3.3. DMSP as a chemoattractant 320 
Unlike Maribacter sp. MS6, Roseovarius sp. MS2 is a motile strain (Figure 4A) (Spoerner et al. 321 
2012). Microscopic observations of young U. mutabilis germlings inoculated with Roseovarius sp. 322 
MS2 showed an accumulation of the bacteria on one pole of the developing germling (Figure 4B). 323 
In this context, Miller et al. (2004) demonstrated the chemotactic response of Ruegeria sp. TM1040 324 
to DMSP (formerly Silicibacter sp. TM1040, a close relative of Roseovarius). These observations 325 
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led us to hypothesize that DMSP may belong to the chemical cocktail underlying the symbiotic 326 
interactions between Ulva and Roseovarius. 327 
The chemotaxis of Roseovarius sp. was monitored using the capillary bioassay (Figure 4C), 328 
which demonstrated that DMSP functions as an attractant for Roseovarius sp., when compared to 329 
the negative UCM control (Figure 4D). Fewer bacteria moved towards DMSO than towards UCM. 330 
DMSO appears to work as a repellent, although its chemotactic activity was not significantly 331 
different from that of the UCM control. Moreover, a cocktail of unspecified substances including 332 
carbon sources such as glycerol (Alsufyani et al. 2017) was tested using a solid phase extract from 333 
the axenic supernatant of Ulva. However, this mixture of substances did not show any activity. 334 
Importantly, zwitterions such as DMSP cannot be retained by the SPE-Chromabond-EASY® 335 
matrix (Figure 4D). Overall, DMSP invoked a strong chemotactic response from Roseovarius sp., 336 
as the cell concentrations in the DMSP-containing capillary were 2–6 fold higher than those in the 337 
control (One-Way ANOVA with Tukey´s post hoc test; p < 0.05; n = 3). The highest chemotactic 338 
response factor of 6 was measured for DMSP at a concentration of 100 µmol L-1 at 10 min (Figure 339 
4E). 340 
Our results are supported by previously reported chemotactic response factors to the same 341 
concentrations of DMSP among coral-associated bacteria (Tout et al. 2015). Besides DMSP, there 342 
might be other metabolites which attract Roseovarius sp. or even other bacteria. Bacterial 343 
chemotaxis was demonstrated, e.g., towards amino-acids and carbohydrates (Barbara & Mitchell 344 
2003; Tout et al. 2015). Ruegeria sp. TM1040 also exhibits various chemotactic responses to the 345 
exudates of various phytoplankton species (Seymour et al. 2008; Seymour et al. 2009). Explorative 346 
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studies will need to evaluate the chemotactic reaction towards compounds in extracts from Ulva’s 347 
chemosphere, by applying various SPE methods. 348 
3.4 Glycerol as a carbon source for Ulva-associated bacteria 349 
Unlike glycerol, DMSP did not trigger bacterial growth (Figure 5). An exo-metabolomic 350 
analysis of axenic U. mutabilis cultures has already revealed that glycerol functions as a carbon 351 
source for Roseovarius sp. (Alsufyani et al. 2017). In fact, the addition of glycerol to UCM 352 
triggered the growth of Roseovarius sp. MS2, but not that of Maribacter sp. MS6 (Figure 5). This 353 
suggests that DMSP secretion functions as a chemoattractant for Roseovarius rather than a nutrient 354 
under standard growth conditions. 355 
3.5 Short-term uptake of DMSP and its catabolization by Ulva-associated bacteria 356 
The uptake and transformation of DMSP by Ulva-associated bacteria were investigated to fully 357 
examine the function of DMSP in this cross-kingdom interaction. Given that DMSP could not be 358 
determined in the culture medium of Ulva’s tripartite community (Figure 3B), it can be assumed 359 
that the associated bacteria have taken up the substance. Roseovarius was cultured in minimum 360 
growth media (i.e., UCM supplemented with 1% glycerol) for the short-term uptake experiments, 361 
with tracer additions of [2H6]-DMSP monitored by HILIC-MS measurements. Immediately after 362 
DMSP was added to the medium, Roseovarius took it up (Figure 6A). After 180 min, no increase 363 
in the concentration of cellular DMSP was detectable. The DMSP uptake rate was approximately 364 
10-21 mol cell-1 min-1, which is comparable to the uptake rate of E. huxleyi (Spielmeyer et al. 2011) 365 
and the uptake of siderophores by bacteria tested using the same experimental setup (Bellenger et 366 
al. 2008). Moreover, rapid catabolization of DMSP was observed. SPME demonstrated that 367 
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Roseovarius sp. could transform [2H6]-DMSP into deuterium labeled methanethiol (MeSH) and 368 
DMS (Figure 6B, C), whereas Maribacter sp. MS6 did not take up DMSP. Previous studies of 369 
DMSP-degrading bacteria and natural bacterial assemblages revealed two possible pathways for 370 
the degradation of DMSP by marine bacteria (González et al. 1999) (Figure 1). Our study is another 371 
example that despite the fact that certain members of the Roseobacter clade can transform DMSP 372 
(Buchan et al. 2005; González et al. 1999), growth on DMS or DMSP is not common for this group 373 
of bacteria including Roseovarius sp. MS2 (Figure 5).  374 
4. Conclusion 375 
Previous studies have shown that the marine macroalga U. mutabilis develops into callus-like 376 
colonies consisting of undifferentiated cells and abnormal cell walls under axenic conditions. It is 377 
likely that Ulva is dependent on bacteria for morphogenesis, because it evolved in a microbe-rich 378 
environment where morphogens are always present, as outlined by Grueneberg et al. (2016). Ulva 379 
thus needs to garden bacteria that create protective biofilms around the rhizoid cells and provide 380 
morphogens for Ulva´s growth. In this study, DMSP was identified as an attractant and traced from 381 
the algal production to the bacterial uptake. We suggest the following working model (Figure 7): 382 
Ulva releases significant amounts of DMSP into its chemosphere. Roseovarius sp. (and very likely 383 
other bacteria) are attracted to DMSP and take this metabolite rapidly up, even though it does not 384 
promote bacterial growth. At a specific threshold, the uptake and sequestration of DMSP by the 385 
bacteria will be higher than the de novo release of DMSP by Ulva. The bacterial biofilm grows 386 
because Ulva provides a glycerol boundary layer as a carbon source for Roseovarius sp. (Figure 387 
4B). Chemical communication can also occur in the other direction, as bacteria can attract Ulva 388 
zoospores through N-acyl homoserine lactones (Joint et al. 2007).  389 
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As soon as the first interactions are set up, morphogenetic compounds, stimulate cell divisions 390 
in Ulva (Roseovarius-factor) and rhizoid formation (Maribacter-factor). Overall, the 391 
morphogenetic compounds promote biomass production and induce the holdfast formation so that 392 
the alga grows directly on the bacterial biofilm. Furthermore, it is evident that both the macroalga 393 
and its associated bacteria can function as de novo DMS producers. Due to the presence of the algal 394 
DMSP lyase, Ulva might control the concentration of DMSP and regulate its role in the 395 
chemosphere. Determination of the local concentration of DMSP in biofilms using matrix-assisted 396 
laser desorption/ionization mass spectrometry imaging (MALDI-MSI) (Kessler et al. 2017) along 397 
with steady-state diffusion model calculations will determine the ecological relevant 398 
concentrations in the phycosphere (Breckels et al. 2010). 399 
Future work will shed more light on the specificity of DMSP within cross-kingdom interactions. 400 
Using other stationary matrices for the solid phase extraction might also help to identify more 401 
unequivocal or volatile chemoattractants. Overall, bacteria will benefit when they use the common 402 
water-borne DMSP signal as a mechanism for detecting the presence of Ulva and a food source. 403 
As many algae produce DMSP, one might expect this to represent a broad ability of bacteria to 404 
recognize a food source. Our previous studies have already shown that many bacteria can substitute 405 
Roseovarius for inducing morphogenesis in Ulva (Spoerner et al. 2012, Gruenberg et al. 2016; 406 
Ghaderiardakani et al. 2017). This finding is highly relevant, as it becomes more likely that many 407 
motile bacteria use DMSP as a reliable signal indicating a food source, and many of these can 408 
induce morphogenesis in Ulva. From that perspective, our findings do not oppose the competitive 409 
lottery model, which proposes that different microbial communities with similar functional 410 
characteristics can occupy the same algal species (Burke et al. 2011; Ghaderiardakani et al. 2017). 411 
Future studies need to address whether various motile bacterial groups which respond to DMSP 412 
 21 
 
(and other unknown Ulva chemoattractants), also contribute morphogens to facilitate Ulva´s 413 
development. We propose that chemotaxis plays a significant role in microbial gardening by Ulva 414 
and setting up the cross-kingdom cross-talk, which is maintained through specific symbiotic 415 
growth stimuli (via morphogens and carbon sources) for both algae and bacteria. 416 
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Figure legends 598 
Figure 1 Model system Ulva for studying cross-kingdom cross talk. (A) The tripartite 599 
community of U. mutabilis (morphotype slender), Roseovarius sp. MS2, and Maribacter sp. MS6. 600 
U. mutabilis has a growth-promoting effect on the bacteria, whereas the bacteria provide 601 
morphogenetic compounds to Ulva. (B) Dimethylsulfoniopropionate (DMSP) can be sequestered 602 
through the DMSP lyase or demethylation pathway. 603 
 604 
Figure 2 Determination of dimethylsulfoniopropionate (DMSP). Measurements of [2H6]-605 
DMSP, [2H3]-gonyol, and [2H6]-dimethyl sulfide-acetate (DMS-Ac), compared with a methanol 606 
extract of U. mutabilis slender. DMSP can be found in U. mutabilis, whereas the other osmolytes 607 
were not detected using liquid chromatography coupled to mass spectrometry (HILIC-Q-ToF-MS). 608 
 609 
Figure 3 Quantification of dimethylsulfoniopropionate (DMSP) and determination of 610 
dimethyl sulfid (DMS). DMSP can be found in the Ulva thallus (apical, middle, rhizoid) growing 611 
in the tripartite community with Roseovarius sp. MS2 and Maribacter sp. MS6. (A) The DMSP 612 
concentration was significantly higher in axenic cultures (grey bar) than in thalli (colored bars) 613 
from Ulva’s tripartite community (n = 7, t-test, p < 0.01). DMSP was also found in axenic gametes. 614 
(B) DMSP concentration in the growth media collected from axenic cultures or Ulva’s tripartite 615 
community. Error bars represent the standard deviation of the mean. (C) Extracted ion scan of GC-616 
MS chromatograms. [2H6]-DMS was measured in crude extracts of axenic callus cultures spiked 617 
with [2H6]-DMSP, indicating the presence of DMSP lyase in Ulva (dashed red line). The faint 618 
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signal of m/z 68 in the control sample (black line) shows the negligible spontaneous decomposition 619 
of DMSP to DMS in the absence of the alga. (D) The 5-week-old callus-like culture of axenic U. 620 
mutabilis used in (C). Typical cell wall protrusions are visible (arrow). 621 
 622 
Figure 4 Bioassay for measuring the chemoattractants. (A) Before the bioassay was conducted, 623 
a swarm test for Roseovarius sp. was carried out to prove its motility. (B) Bacteria create a biofilm 624 
around the rhizoid cells, supporting algal growth. (C) A quantitative assay for flagellum-mediated 625 
chemotaxis was developed based on a capillary assay and flow cytometry measurements. 626 
Capillaries were filled with the test substances. Bacteria that were attracted were fixed and counted 627 
by flow cytometry. (D) Initial bioassays comparing the chemotaxis activity of eluates form solid 628 
phase extractions (SPE), Ulva culture medium (UCM), dimethyl sulfoxide (DMSO) and 629 
dimethylsulfoniopropionate (DMSP). (E) In comparison to the control, the chemotactic response 630 
factor was calculated as a multiple of the bacteria counted in the control capillary filled with UCM. 631 
Significant differences were determined using a one-way-ANOVA, followed by Tukey’s post hoc 632 
test (n = 3 / treatment; p < 0.05; graphs show mean + SD). Letters indicate significant results 633 
following Tukey’s post-hoc test. 634 
 635 
Figure 5 Bacterial growth in the absence of Ulva. Growth rates of Roseovarius sp. MS2 and 636 
Maribacter sp. MS6 determined in minimum medium (UCM), in the presence of additional 637 
glycerol, DMSP, and both algal derived substances. Significant differences in the growth rates were 638 
determined using a one-way-ANOVA, followed by Tukey’s post hoc test (n = 3 / treatment; p < 639 
0.05; graphs show mean+ SD). Letters indicate significant results following Tukey’s post-hoc test. 640 
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 641 
Figure 6 Short-term uptake of dimethylsulfoniopropionate (DMSP) by Roseovarius sp. MS2 642 
and Maribacter sp. MS6. (A) DMSP uptake by Roseovarius sp. in UCM. The DMSP uptake rate 643 
(10-21 mol cell-1 min-1) was determined from 5 to 120 min (circle, black line). Maribacter sp. MS6 644 
did not take up DMSP (triangle, red line). The mean ± SD (n = 3) is shown. (B, C) Extracted ion 645 
scan GC-MS chromatograms of the volatile compounds (headspace) extracted from Roseovarius 646 
sp. via SPME-GC-MS upon addition of [2H6]-DMSP (red line). The inserts show the respective 647 
mass spectra for [2H3]-methanethiol (B), and [2H6]-DMS (C). No transformation products were 648 
detected in the cell-free culture medium spiked with [2H6]-DMSP (black line). 649 
 650 
Figure 7 Current understanding of the interactions between Ulva and its associated bacteria 651 
within the tripartite community. DMSP and glycerol are synthesized and released by Ulva. 652 
DMSP is catabolized by marine bacteria via demethylation (DmdA) or lyase activity (Ddds). 653 
Alternatively, algal DMSP can be directly lysed by the algae to release DMS. As soon as the first 654 
interactions are set up, glycerol promotes bacterial growth, and morphogenetic compounds 655 
(Roseovarius-factor) stimulate cell divisions in Ulva. 656 
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